Evidence for transgenerational effects of senescence, whereby offspring from older parents have a reduced lifetime reproductive success, is increasing. Such effects could arise from compromised germline maintenance in old parents, potentially reflected in reduced telomere length in their offspring. We test the relationship between parental age and offspring early-life telomere length in a natural population of common terns and find a significant negative correlation between paternal age and offspring telomere length. Offspring telomere length is reduced by 35 base pairs for each additional year of paternal age. We find no correlation with maternal age. These results fit with the idea of compromised germline maintenance in males, whose germline stem cells require continued division.
Introduction
Organismal senescence occurs throughout the tree of life [1] and is defined by age-specific declines in the two main fitness components: survival probability and offspring production [2] . In addition, there is increasing evidence for transgenerational effects, with offspring from older parents achieving a reduced lifetime reproductive success [3] [4] [5] . A suggested explanation for such transgenerational effects is compromised germline maintenance in old individuals [6] , leading to increased levels of de novo mutations [5] and/or shorter telomeres [7] in their offspring.
Terminal telomeres are highly conserved repetitive DNA sequences found at the end of eukaryote chromosomes. They maintain chromosome integrity, but shorten with cell division. Their length predicts survival across taxa and thus indicates long-term somatic state [8, 9] . Evidence for parental age to affect offspring telomere length mainly comes from humans, in which, interestingly, older fathers pass longer, rather than shorter, telomeres to their offspring [10] . This sex-specific positive correlation between parental age and offspring telomere length, however, does not seem to be general across species (table 1) .
Here, making use of nearly the entire parental age range (3-24 years), offspring blood samples collected 3 days post-hatching and the gold standard of terminal telomere length measurement (in-gel terminal restriction fragment analysis (TRF)), we investigate the correlation between parental age and offspring telomere length in a natural population of common terns (Sterna hirundo). In this bird species, sex-specific negative correlations between parental age and offspring fitness have been established: daughters of older mothers fledge at a lower weight, remain lighter throughout life and suffer from reduced offspring production, while sons of older fathers live less long [3] . Because common tern erythrocyte telomeres shorten with age and their age-specific length predicts remaining lifespan [20] , we hypothesize the paternal age-son lifespan correlation to result from, or be reflected in, telomere patterns.
Material and methods (a) Study species and data collection
The common tern is a sexually and socially monogamous seabird [21] . Our data [22] come from a long-term study of a colony in the Banter See at Wilhelmshaven, Germany. In 1992, 101 adult birds of known age were caught and marked with transponders, and since 1992 all offspring were marked with a transponder shortly prior to fledging. During incubation, which is shared between partners, antennae are placed around each nest to identify breeding individuals. Combined with nest-checks to record reproductive parameters and to mark offspring, these methods enable the documentation of individual age-specific reproductive performance at the colony.
In the breeding seasons of 2013 and 2014, we blood sampled 3-day-old chicks from 116 nests (see [23] for details). From these blood samples, erythrocyte telomere length was measured by in-gel TRF [23] . Variation in chick telomere length was not explained by year, brood size or by offspring sex, hatching order and body mass [23] .
(b) Statistical analyses
We analysed parental age effects on offspring telomere length in mixed models with normally distributed errors. These models included nested random effects of parental and brood identity to account for the non-independence of offspring from the same parent (within and between years) and brood, and a linear covariate for parental age. Because transgenerational senescence effects were found to be sex-specific [3] , we additionally fitted a two-level class variable for offspring sex (with males as the reference category) and the interaction between offspring sex and parental age.
Parental age was known for 183 chicks hatched in 96 nests from 52 mothers (age: average + s.d. ¼ 10.1 + 5.7, range 3 -24 years) and 58 fathers (age: average + s.d. ¼ 9.6 + 4.7, range 3 -21 years). Because the age of both parents was known for a subset of only 88 chicks from 37 unique pairs, and positively correlated (r 2 ¼ 0.34, n ¼ 37), models were run for maternal and paternal age separately to maximize sample size for each analysis. Models were run in MLwiN v. 2.26 [24] . Significance ( p , 0.05, two-tailed) was assessed using the Wald statistic.
Results
Offspring telomere length was negatively correlated with paternal age. With each additional year of paternal age, offspring telomeres were 35 (+15 s.e., x , table S1 ).
By contrast, there was no significant correlation between maternal age and offspring telomere length. Following [16] , assuming both parents to contribute equally to telomere length of offspring, the non-significant negative slope of 215 (+16 s.e., x 2 1 ¼ 0:84, p ¼ 0.36; figure 1b; electronic supplementary material, table S1) was close to that expected from the paternal age estimate and the correlation between paternal and maternal age (r ¼ 0.58): 0.58 Â 235 ¼ 220 base pairs.
There was no evidence for a sex difference in offspring telomere length (23 + 74 s.e., x 
Discussion
Common tern paternal age was negatively correlated with offspring erythrocyte telomere length measured shortly after hatching, while the weaker and non-significant correlation with maternal age could be attributed to the intrapair correlation between paternal and maternal age. Because we sampled offspring close after hatching, before parental care affects telomere dynamics (e.g. [13] ), and because traits such as clutch and egg size, as well as fledging success [25] and parental feeding rate [26] increase, rather than decrease, with parental age, we expect our result of shorter telomeres in offspring of older fathers to be explained by variation in paternal telomere length at conception. We, however, cannot exclude maternal adjustment of egg physiology in response to paternal age as an alternative explanation. A telomere length variation at conception explanation would fit with the idea of compromised germline maintenance [6] if Table 1 . Overview of studies on non-human vertebrates testing for effects of paternal age at conception on offspring telomere length (n.s. ¼ non-significant; direction reported for significant effects only). rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180213 that leads to short telomeres in male gametes, the production of which, in contrast to that of female gametes, requires continued division of germline stem cells [27] . We initially predicted the effect of paternal age on offspring telomere length to be sex-specific, as we previously found paternal age to negatively affect the lifespan, and thereby lifetime reproductive success, of sons, but not daughters [3] . This prediction was not confirmed. Among adult common terns, however, erythrocyte telomere length is known to be more strongly related to survival in males than females [20] , such that our finding may actually underlie or reflect the previously observed negative fitness effect of paternal age on sons [3] even when the negative paternal age effect on offspring telomere length is carried through to adulthood similarly in both sexes.
Interestingly, the negative correlation between paternal age and offspring telomere length we found in common terns corresponds with that found in six out of 11 other non-human study species (table 1), but contrasts with the positive correlation found in humans and chimpanzees (reviewed in [18] ). This interspecific difference has been suggested to reflect variation in sperm production rate: species with a larger sperm production rate should have increased telomere-elongating telomerase activity in their spermatogonial stem cells, or increased selective loss of sperm progenitor cells with shorter telomere length [19] . While rates of sperm production have not been assessed, the available data seem to support this idea: species with year-round sperm production, such as humans and chimpanzees, show a positive correlation [10] , whereas species with seasonal sperm production but high sperm competition, such as great reed warblers, European shags and Soay sheep, show no correlation, and mostly monogamous species with seasonal sperm production, such as alpine swifts, jackdaws and common terns, show a negative correlation (table 1) . We suggest future studies to longitudinally assess the age-specific paternal telomere length in sperm in relation to sperm production rate to test this hypothesis. rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180213
